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INTRODUCTION
Scientists are asked to describe and under-
stand the complex behavior of natural
processes. This is often done in difficult
conditions, with instruments detecting
specific indicators and providing limited
datasets to satisfy knowledge and imag-
ination. Despite these limitations, many
studies have been able to provide unprece-
dented understanding of different pro-
cesses in nature, albeit often under specific
(i.e., simplified) conditions. A progres-
sively more quantitative approach has
been often obtained exploiting the latest
technological improvements available.
The study of volcanic, or more gen-
erally, magmatic processes well exem-
plifies these conditions and progression
(Figure 1). Qualitative reports of how vol-
canoes erupt date back to thousands of
years, as the description of the 79 AD
Vesuvio eruption from Pliny the Younger;
however, most of our qualitative and
quantitative understanding of the volcano
factory and its various indicators has been
definitely achieved in the frame of the
technological boost of the last decades.
Certainly, the tremendous improve-
ment of the monitoring system of active
and erupting volcanoes has allowed
detecting many changes in the geophys-
ical, geodetic and geochemical behavior
before, during and after eruptions (e.g.,
Lowenstern et al., 2006; Sigmundsson
et al., 2010; Chiodini et al., 2012). As a
result, a significant amount of data has
been collected on a reasonable amount of
active volcanoes worldwide, and it is in
general possible to assign some physical
or chemical meaning to many detected
changes. This knowledge is also crucial
to define when a volcano enters a phase
of deviation from its baseline, or unrest,
which may culminate in an eruption and
to forecast any impending eruption. The
understanding of the processes occurring
within volcanoes, ultimately leading to
the geophysical, geodetic and geochem-
ical changes detected at the surface, is
supported by analytical, numerical, and
experimental models (e.g., Cayol et al.,
2000; Gudmundsson, 2006; Caricchi et al.,
2007; Ruch et al., 2012). Modeling has
reached a relatively sophisticated stage,
allowing understanding otherwise inac-
cessible and/or long-lasting 2D and, to
a lesser extent, 3D processes. Similarly
crucial to understand the mean to longer-
term behavior of volcanoes are many
field and petrological-geochemical stud-
ies, supported by dating techniques (e.g.,
Gravley et al., 2007; Thordarson and
Larsen, 2007; Collins et al., 2009; Wilson
and Charlier, 2009; Corsaro et al., 2013).
In particular, field studies prove funda-
mental in reconstructing the eruptive
history of a volcano, including the erup-
tion location, type, size and frequency;
petrological and geochemical studies pro-
vide an invaluable amount of information
on the processes and times characterizing
the formation of the magma, its rise and
emplacement within the crust, including
mixing, mingling, crustal assimilation,
and fractionation.
These approaches have allowed reach-
ing a dramatic advancement in our under-
standing of volcanoes. An overview of the
major improvements in volcanology in the
last decades is beyond the scope of this
contribution. For facts, one can refer to
the comprehensive, detailed and essential
overview of Cashman and Sparks (2013).
This includes many of the important stud-
ies on the emplacement (formation of
magma chambers), rise (eruption trig-
gers, dike propagation), and eruption of
magma (conduit construction and evolu-
tion, magma rheology and fragmentation,
eruptive styles). The described amount of
research underlines the impressive efforts
made by the volcanological community
in considering and analyzing the sev-
eral complex evolutionary stages of a
magma within the volcano factory, from
its generation to its eruption. Even though
the reached level of knowledge may not
unravel the many questions behind the
volcano factory, it certainly provides a
robust platform to test hypotheses and
plan more advanced and sophisticated
studies.
Indeed, despite the important achieve-
ments, modern volcanology still has to
fully define and understand several major
processes, involving different topics and
approaches, and resulting in likewise chal-
lenges for the future. Here the first-order
processes, or challenges for volcanology,
are summarized in an ideal journey from
the deepest to the shallowest portions
of the volcano factory (Figure 2). Many
of these processes may be unraveled not
only by observations on volcanoes on
Earth, but also on extraterrestrial volca-
noes, including those on Venus, Mars and
Io. While studies on terrestrial volcan-
ism provide the key to understand also
extraterrestrial volcanism, it is likewise
expectable that observations on adequately
imaged volcanic edifices from Mars and
Venus allow to better define volcanic pro-
cesses on Earth.
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FIGURE 1 | Various types of volcanic edifices. (A) Skjaldbreiður mafic
shield volcano in SW Iceland; (B) Ostry Tolbachik felsic stratovolcano in
Kamchatka Peninsula; (C) northern rim of Bromo caldera, Java, with
post-caldera vents to the right; (D) segment of the 1886 Tarawera basaltic
explosive fissure, New Zealand. Approximate scales are included for
reference. While volcanic forms, compositions and activity may widely differ,
the processes and conditions for the generation, rise, emplacement and
eruption of magma share important similarities.
CHALLENGE 1: FORMATION AND
DEVELOPMENT OF MAGMATIC
RESERVOIRS
Many of the questions we ask ourselves
on the behavior of active volcanoes at
the surface inevitably lead to the dynam-
ics of the underlying magma reservoirs,
often highlighting the limited knowledge
on the deeper processes. For example,
despite field and theoretical studies on the
mechanical and thermal constraints for
the generation of magma reservoirs, we
still do not have a clear understanding on
why and how magma may emplace and
accumulate within the crust. Certainly,
density contrasts between magma and the
host rock, as well as physical (including
elasticity, temperature, pre-existing dis-
continuities) contrasts within the host
rock, may play a fundamental role in the
formation and development of magma
reservoirs; however, other parameters, as
magma flux and mixing, hydrothermal
alteration, crustal rheology and regional
tectonic conditions may be also impor-
tant (e.g., Kavanagh et al., 2006; Valentine
and Krogh, 2006; Famin and Michon,
2010; Gudmundsson, 2011; Leuthold et al.,
2012). Which of these processes, and
under which physical conditions, is more
likely to control magma emplacement
within the crust? Conditions and thresh-
olds should be investigated, also in a com-
parative way, to define hierarchies.
In addition, recent studies highlight
episodic and rapid magma accumula-
tion and remobilization, also immedi-
ately before super-eruptions, involving
tens of km3 of magma (Druitt et al.,
2012; Parks et al., 2012; Cooper and
Kent, 2014); in some cases, as at Toba
caldera (Sumatra), these processes may
involve magma volumes up to a thousand
of km3, characteristic of super-volcanoes
(Vazquez and Reid, 2004). At the top-
most of the scale are the Large Igneous
Provinces, erupting large quantities of
basaltic magma in geologically short peri-
ods, closely correlating withmajor changes
in oceanic and atmospheric chemistry and
whose origin is still poorly understood
(Saunders, 2005). How may these sig-
nificant amounts of magma from super-
volcanoes and Large Igneous Provinces be
efficiently stored in the crust? Do they fol-
low the same emplacement processes as
those of the magma feeding much smaller
eruptions?
In addition to the formation and
growth, it is also crucial to better under-
stand which factors control the dynamic
behavior of the magma reservoirs. This
brings us to another question: which
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FIGURE 2 | The main theoretical and applied challenges associated with the volcano factory,
involving the emplacement, rise, and eruption of magma (not to scale). These are the most
crucial first-order processes Frontiers in Volcanology aims to detect and understand. See text for
details.
FIGURE 3 | Picture of the eroded Torres del Paine laccolith, in the Chilean Patagonia (yellow
dashed line underlines its approximate boundaries). Approximate scale is included for reference.
The 12.5Ma old laccolith consists of multiple bimodal intrusions of granite and gabbro, with a volume
of ∼88 km3 emplaced in ∼160 ka (Leuthold et al., 2012). Examples like this are ideal analogs to
understand the formation, development and dynamics of present-day magma chambers below
active volcanoes.
conditionsmust bemet to have inflation of
a reservoir, or magma propagation outside
it? An important consequence of magma
reservoir dynamics may be resurgence, or
the uplift of portions of calderas up to
some km. While we have many stud-
ies and models for caldera formation,
our knowledge on resurgence, that is the
opposite process, is still definitely lim-
ited, with few recent studies and models
(Vezzoli et al., 2009; Kennedy et al., 2012;
Merle et al., 2013). Certainly, the causes
and conditions for resurgence need to be
further investigated, and many questions
may find an answer in better understand-
ing the longer-term dynamic behavior of
magma reservoirs. For possible answers
on the development of magma reservoirs,
we should definitely learn more from the
study of exposed plutons, merging the
efforts of the volcanological community
with those of the community investigat-
ing intrusions and thermo-metamorphic
processes (Figure 3).
CHALLENGE 2: PROPAGATION AND
ARREST OF MAGMA
Magma rises in the upper crust through
dikes; dikes are also responsible for feed-
ing most eruptions, largely independently
of the composition of magma. The shal-
low conduit of volcanoes may be imaged
as a cluster of dikes, as confirmed by recent
drilling in the conduit zone of Unzen vol-
cano, consisting of a hundreds of m wide
dike zone (Sakuma et al., 2008). Dikes
may reach lengths of tens of km, deliv-
ering magma and feeding eruptions for
significant distances also outside volca-
noes. However, dikes may often become
arrested of the composition of magma.
The shallow conduit of volcanoes may
be imaged as a cluster of dikes, as con-
firmed by recent drilling in the conduit
zone of Unzen volcano, consisting of a
hundreds of m wide dike zone (Sakuma
et al., 2008). Dikes may reach lengths
of tens of km, delivering magma and
feeding eruptions for significant distances
also outside volcanoes. However, dikes
may often become arrested and not gen-
erate any eruption (e.g., Gardine et al.,
2011). Several recent studies highlight
the extremely rapid transfer of magma,
up to m/s, from the mantle or shal-
lower levels, even for rhyolitic composi-
tions and in apparently unfavorable tec-
tonic conditions (Castro and Dingwell,
2009; Ruprecht and Plank, 2013). These
results, coupled with those highlighting
rapid recharge times within magmatic
reservoirs, are changing the perspective
on the rates of magma accumulation and
transfer, with important implications also
for volcanic hazard.
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As dikes are responsible for magma
transfer within the crust and volcanic
edifices, understanding the conditions
for their propagation or arrest, as well
as their propagation path, is one of the
most important challenges, for both theo-
retical and applied volcanology (Figure 4).
Under which conditions does a dike trans-
fer magma to shallower levels? Why most
dikes stall at depth, without feeding erup-
tions? Several mechanisms have been
proposed to control dike propagation,
including magma pressure, buoyancy,
composition, and volatiles, topography
and physical contrasts (rigidity, density,
pre-existing discontinuities) within the
host rock (e.g., Pinel and Jaupart, 2004;
Aoki et al., 2009; Geshi et al., 2010;
Taisne et al., 2011; Maccaferri et al.,
2014). However, these mechanisms remain
largely theoretical and their direct applica-
bility or frequency of occurrence in nature
has not been really tested. As a conse-
quence, there is poor definition of the
hierarchies (among the mechanisms) and
thresholds (within each mechanism) to
define the most likely conditions control-
ling dike propagation (Acocella and Neri,
2009). To this aim, theoretical and model-
ing studies should be better tied to natural
examples, especially from extinct feeding
zones, where available databases should be
compared.
CHALLENGE 3: EMPLACEMENT AND
OUTCOME OF SHALLOWER
INTRUSIONS
When dikes stall at depth, they may
form and/or feed shallow (<3 km depth)
magma reservoirs, not necessarily trigger-
ing eruptions (e.g., Moran et al., 2011).
These shallow intrusions are particularly
relevant, as they may often pass unde-
tected by geophysical analysis, but may
trigger eruptions with shorter warning
time. These intrusions may also remain
stalled, producing the geodetic, seismic
and geochemical variations characteriz-
ing an unrest at the surface. On the
longer-term, shallow intrusions have been
also suggested to induce resurgence at
the surface (Kawakami et al., 2007), pro-
viding an additional cause of instabil-
ity, independently of the deeper magma
reservoir. Campi Flegrei caldera, Italy,
one of the most dangerous volcanoes on
Earth, provides an interesting example
FIGURE 4 | Central portion of the 1783 Lakagigar fissure eruption, Iceland, fed by one or more
regional dikes for a total length of ∼25km. Approximate scale is included for reference. Examples
like this highlight the importance of dikes in transferring magma within the crust and in triggering
eruptions.
of restless volcano whose recent activity
(last eruption in 1538 and successive
unrest phases) results from the shallow
emplacement of magma (De Siena et al.,
2010; Chiodini et al., 2012). Shallow
magma emplacement has also triggered
large and recent eruptions. For example,
a pre-eruptive shallow emplacement has
been suggested for the magma responsible
for the Novarupta 1912 eruption, Alaska,
producing∼30 km3 of ignimbrite (Combs
and Gardner, 2001). Therefore, shallower
intrusions deserve particular attention for
their role on unrest and eruptive episodes.
In particular, why should we expect to
have accumulation of magma close to
the surface, rather than any eruption?
Are these intrusions a warranty for the
stalling of deeper magma, or rather, are
they an important step for the magmas
to be erupted? In addition, which are the
compositional, petrological, physical and
rheological requirements for the magma,
and the physical requirements for the
host rock, to develop shallow intrusions?
May resurgence be commonly explained
by shallow intrusions, or is this a process
more typically occurring within deeper
magma reservoirs?
On the one side, a higher effort should
be paid in detecting shallower intrusions,
enhancing the resolution of common
geophysical techniques, including seismic
tomography, cosmic ray muon tomogra-
phy and magnetotellurics (e.g., Vanorio
et al., 2005; Shinoara and Tanaka, 2012;
Siniscalchi et al., 2012). On the other side,
we should learn more on their causes
and conditions of emplacement, as well
as their likely fate (freezing vs. erupting).
Petrology and geochemical signature on
the P-T residence time history of these
intrusions should be collected to better
reconstruct the magmatic history of a vol-
cano (e.g., Scaillet et al., 2008; Cooper and
Kent, 2014) and compared in different vol-
canoes, to detect any common behavior.
CHALLENGE 4: VOLCANO UNREST
All eruptions are preceded by an unrest
phase, which may be highly variable from
volcano to volcano and even within the
same volcano (Figure 5). However, only
a part of the unrest episodes culminates
in an eruption (e.g., Moran et al., 2011;
Sparks et al., 2012; Phillipson et al., 2013).
Therefore, an unrest, being a necessary
but not sufficient condition for eruption,
is the most intriguing and delicate state
of an active volcano. Indeed, understand-
ing unrest episodes is not only impor-
tant to unravel the behavior and operating
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FIGURE 5 | A general process likely responsible for volcano unrest: the emplacement of magma
(sill) may induce fracturing and thus variations in the permeability of the host rock, also result-
ing in fluid migration and, in turn, pressure variation within a hydrothermal system. At the sur-
face, these processes manifest themselves through seismic, deformative, and degassing deviations
from the baseline.
principles of a volcano, but also to fore-
cast impending eruptions. Many unrest
episodes have been inferred to result, in
addition to magma rise and emplacement,
from pressurized hydrothermal systems
or regional earthquakes (e.g., Newhall
and Dzurisin, 1988; Walter et al., 2009;
Fournier and Chardot, 2012). As for
hydrothermal systems, it is often difficult
to distinguish and discriminate their role
on an unrest episode, also because of the
limited knowledge on their extent, phys-
ical and chemical features. However, the
possibility that any unrest ultimately has
a magmatic origin, where the magma is
the essential ingredient, deserves to be
further investigated and probably better
acknowledged.
Pre-eruptive unrest episodes often
show linear behaviors, characterized by
the progressive increase in the intensity
of one or more unrest indicators detected
through the monitoring system, as for
example observed at Mount Pinatubo in
1991 (Newhall and Punongbayan, 1996).
However, many unrest episodes may be
characterized by a non-linear behavior,
with important time variations in the
intensity of the detected indicators, mak-
ing any real-time interpretation extremely
difficult, as for example recently observed
at Rabaul or Okmok calderas (e.g., Biggs
et al., 2010; Johnson et al., 2010). Even less
is known on the unrest episodes preceding
large eruptions and super-eruptions, due
to their lower frequency of occurrence
and the lack of instrumental detection: in
these cases, do we may expect pre-eruptive
behaviors similar to those of average-sized
eruptions? More in general, to understand
active volcanoes and their erupting poten-
tial, we should focus our attention on
the following questions. Why is a volcano
experiencing unrest? What happens dur-
ing and after unrest, and why? Which is
the probability that the unrest anticipates
an eruption of certain explosivity, and
why?
Despite these uncertainties, a signif-
icant though dispersed and fragmented
wealth of monitoring data is now available
through publications, reports and web-
sites. The collection and systematic and
critical review and analysis of such infor-
mation may provide important insights
for identifying general behaviors, estab-
lishing patterns, thresholds and rela-
tionships and, ultimately understanding
unrest processes. Important international
initiatives, as WOVODAT (http://www.
wovodat.org/), in collecting raw data from
unresting volcanoes are trying to respond




Forecasting is the crucial challenge of vol-
canology, as volcanoes are potentially
affecting nearly 1/10 of the Earth pop-
ulation. After previous deterministic
attempts, forecasting is now being made
mainly using a probabilistic approach,
also including Bayesian event tree mod-
els, which recognize natural variability
and stochastic elements, include the full
range of possible events and show most
likely scenarios (Sparks, 2003; Aspinall
et al., 2006; Marzocchi et al., 2008).
Forecasting should not be restricted at
evaluating only the probability of occur-
rence of an impeding eruption, but also its
expected location, size and style, including
the occurrence of ash plumes, which may
affect areas very distant from the volcano.
In general, eruption forecast appears
less challenging than, say, earthquake fore-
cast, as the approximate location and time
of the event may be perceived. Indeed,
in several tens of cases, impending erup-
tions have been successfully forecast, even
at poorly monitored volcanoes, saving
lives, properties and other values (e.g.,
McNutt, 2000; Sparks, 2003). However,
despite promising efforts (e.g., Wylie et al.,
1999; Roman et al., 2006; Aiuppa et al.,
2007; Brenguier et al., 2008), there is still
a substantial lack of reliable and diagnos-
tic eruptive precursors. This leads to the
significant uncertainty of short-term erup-
tion forecasting, especially for the non-
negligible percentage of eruptions with
non-linear pre-eruptive behavior. More in
general, volcanoes are complex systems
controlled by many unknown parameters
and prone to sudden failure, so that even
minor differences may determine the out-
come and some systems may seem or even
be inherently unpredictable (e.g., Sparks
et al., 2012).
While many unknowns will continue to
accompany the unpredictability of unrest
episodes, an important effort in forecast-
ing is to identify and focus on at least
the more “predictable” part. This may
not be immediately recognizable, but it
may become so once databases are cre-
ated, merged and statistically analyzed.
Available statistical tools then need to be
improved and based on the understand-
ing of how volcanoes work, rather than at
simply recognizing longer-term patterns.
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After having been describing processes for
decades, we now need to merge this infor-
mation to understand processes. A crucial
input for the understanding of the pre-
eruptive signals required for forecasting
will be demanded to advanced physical
modeling (e.g., Connor et al., 2003).
CHALLENGE 6: ERUPTING CONDITIONS
A crucial step within the volcano factory
is reached when the magma approaches
the eruptive conditions. Several studies
have been investigating the conditions and
processes for eruptions, including magma
mixing, magma rheology, gas behavior,
fragmentation, conduit controls, regional
earthquakes (e.g., Alidibirov andDingwell,
1996; Hill et al., 2002; Cashman, 2004;
Barnett and Lorig, 2007; Costa et al., 2007;
Cooper and Kent, 2014). While important
progresses have been made, our knowl-
edge on several of these processes is still
largely incomplete and related to specific,
isolated or ideal situations. This results
in a fragmented understanding of the
conditions, factors and thresholds lead-
ing to eruptions. For example, there are
controversial data on the response of
volcanoes to mega-earthquakes along sub-
duction zones. While some studies show
an increase in the post-seismic erup-
tive frequency of magmatic arcs nearby
mega-earthquakes, other studies reveal
only a moderate post-seismic subsidence
of the volcanic edifices (Walter and
Amelung, 2007; Takada and Fukushima,
2013). In a similar fashion, the role
of magmatic fragmentation on triggering
explosive eruptions is also explained by
contrasting models; conversely to conven-
tional views, some studies suggest that
explosive eruptions are not an inevitable
consequence of fragmentation (Papale,
1999; Gonnermann and Manga, 2003).
Further on, the channeling of erupting
magma passing from a linear feature at
depth (a dike) to a punctiform feature at
the surface (a vent) has been interpreted as
resulting from thermal erosion of the wall
rock or different volumetric flow due to
layering within the host rock (Holness and
Humphreys, 2003; Gudmundsson et al.,
2012). These are just some examples, at
various scales of observation, on how spe-
cific eruptive conditions have been differ-
ently interpreted, highlighting our partial
knowledge.
To better synthesize these interpretative
differences and overcome the knowledge
gaps on the processes leading to eruptions
we have to improve and extend the bound-
ary conditions of the modeling studies,
especially those on fluid mechanics, and
tie these with available databases from nat-
ural cases. A further and more difficult
challenge derives from the fact that these
conditions and factors may vary signifi-
cantly and not have the same importance
and priority from case to case; therefore,
even though conditions and processes may
be reasonably understood in specific and
a posteriori ideal cases, we may still not be
able to individually detect them in real-
time at a volcano prone to erupt.
CHALLENGE 7: COLLAPSING
VOLCANOES
Usually but not always necessarily related
to eruptions are the extreme events occur-
ring within the volcanic edifice, resulting
in collapses. These may consist of vertical
collapses, causing or reactivating calderas,
or lateral flank collapses, with very differ-
ent rates, volumes and modalities. Both
vertical and lateral collapses can induce
catastrophic variations in the shape of
a volcanic edifice, its plumbing system
and the environment. Moreover, as both
types of collapses may not be necessarily
associated to eruptions, they pose a haz-
ard also during periods of apparent inac-
tivity. Many recent studies have allowed
understanding several features of these
collapses.
Calderas are related to the withdrawal
of magma from a reservoir at depth,
during an eruption or lateral intru-
sion. Caldera collapse occurs under spe-
cific eruptive conditions and, in the last
decades, it has occurred a few times
only (Geyer and Martì, 2008; Stix and
Kobayashi, 2008; Michon et al., 2011).
While caldera collapse is relatively infre-
quent, it is still difficult to forecast it,
as there is uncertainty on its triggering
causes and the proper detection of these
causes at the surface: in fact, caldera col-
lapse may be triggered by both overpres-
sure or underpressure conditions within a
magma chamber, including lateral intru-
sion of magma, giving the system a wide
spectrum of dynamic variability (e.g.,
Gudmundsson, 1998; Martì et al., 2009).
To better constrain this variability, more
effort should be given at investigating the
magmatic and dynamic conditions within
the magma chamber at the onset of caldera
collapse.
Lateral collapses are a catastrophic
expression of flank instability of volcanic
edifices. Similarly to calderas, a signifi-
cant amount of studies has been con-
ducted on volcano flank instability in
the last decades; these studies have high-
lighted many possible triggering pro-
cesses, including magma emplacement,
hydrothermal alteration, excess pore pres-
sures, volcano and/or basement strength,
fault activation and earthquakes. Similarly
to calderas, lateral collapses are relatively
infrequent. The sudden collapse of an
entire sector of a volcano may have a fre-
quency of some decades, as observed at
Bezymianny (Kamchatka) in 1956, Mount
St. Helens (Oregon) in 1980, and Soufriere
Hills (Montserrat) in 1997 (Belousov et al.,
2007). However, more localized instabili-
ties occurring on the flank of volcanoes,
as observed at Etna and Stromboli in
2002 and 2007, respectively may still be
of significant concern to the Civil Defense
(Neri and Lanzafame, 2009, and refer-
ences therein; Acocella and Puglisi, 2013).
Similarly to vertical collapses, the vari-
ability and problematic detection of the
possible triggering factors for lateral col-
lapses make any real-time definition of the
conditions and causes of failure difficult.
Therefore, calderas and flank collapses
are catastrophic processes characterized by
the limited knowledge of the triggering
factors, which may vary or be consis-
tent, even for a given volcano. More effort
should be given in identifying, for each
volcano, the fewest most likely causes of
flank instability and focusing the monitor-
ing system at their detection.
CHALLENGE 8: ENVIRONMENTAL
IMPACT OF ERUPTIONS
An erupted magma may emplace on
the Earth’s surface through very differ-
ent mechanisms, generating for example
lava flows, pyroclastic density currents, ash
falls or surge deposits. The knowledge of
these mechanisms is essential, in addition
to understanding processes, also to assess
the impact on the environment, includ-
ing the impact on humans. For exam-
ple, several studies have tried to constrain
how the flow of a lava depends on the
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FIGURE 6 | Linking the environmental impact of the vents feeding an eruption to the transfer
of magma within a volcano. (A) Shuttle image (property of NASA) of Mt. Etna, Italy, erupting in
2002, activating the summit craters and the NE Rift (erupting degassed magma) and a vent on the
S Rift (erupting primitive undegassed magma from the more explosive ash plume). (B) Independent
structural interpretation of the eruption, showing how the vent of the S Rift is fed by a dike
from an eccentric reservoir external to the summit conduit; conversely, the effusive summit and
the NE Rift vents are fed by the residual magma within the summit conduit (Andronico et al., 2005).
Note that the direction of the North in the two figures is opposite.
composition and rheology and the under-
lying topography, or to define the modal-
ities of development and propagation of
pyroclastic density currents, or even the
dispersion and fall of tephra (e.g., Neri
et al., 2003; Webley et al., 2012; Roche
et al., 2013). Modeling has been playing
a key role in unraveling these processes,
even though the need to introduce more
realistic constraints is clear, especially
for the most complicated emplacement
mechanisms. Indeed, advanced modeling,
for example taking into account for cou-
pled flow components in the pyroclastic
density currents or ash aggregation pro-
cesses and thresholds, is needed to ulti-
mately understand and forecast the impact
of volcanic deposits on the environment.
As far as the impact of volcanic activ-
ity on humans is concerned, this is one
of the most dramatic aspects of applied
volcanology. Not only such an impact
varies widely depending on the type of
volcanic activity, but it also assumes a
different weight depending on where it
happens: even a modest volcanic event
can become very relevant if manifested
in a densely urbanized area. The study
of the impact of volcanic activity on the
human health is a very recent but rapidly
expanding discipline and ranges from the
effects of the exposure to volcanic ash to
those of potential contaminants, as for
example fluoride and selenium (Allibone
et al., 2012; Floor and Roman-Ross, 2012;
Hillman et al., 2012). This field, being at
its infancy and having significant implica-
tions, is bound to become a crucial part of
modern volcanology.
The vast majority of eruptions affect
the volcano surroundings (distance
<101 km). However, a minor part may
also affect a much larger area, even
the planet. For example, the 2010
Eyiafjallajokull eruption in Iceland showed
how a moderately-sized ash plume may
impact areas at thousands of km of
distance (Sigmundsson et al., 2010),
revealing our unpreparedness to forecast
the occurrence of ash plumes. Slightly
larger eruptions, as Pinatubo in 1991,
may inject a significant amount of sulfur-
bearing gases into the stratosphere,
converting them to sulfate aerosols. These
may cool and/or warm the Earth’s surface
over a few years, affecting global climate.
In these cases, for real-time detection of
environmental and climatic response,
we need to be able to forecast the ini-
tial distribution and transport of the
emission cloud, as well as the released
amount of sulfur impacting the strato-
sphere (Robock, 2000, 2002; Cole-Dai,
2010). The latter depends, in addition
to the explosivity and duration of the
eruption, on the sulfur content and sol-
ubility in the magma (e.g., Scaillet and
Pichavant, 2003; Mysen and Richet, 2005).
Current sulfur solubility models are valid
within narrow compositional ranges, lack-
ing general applicability and, so far, cannot
calculate any gas release in the atmosphere.
A general sulfur solubility model for mag-
mas, also allowing constraining sulfur
release from impending eruptions, would
be needed to evaluate a priori the climatic
impact of larger eruptions.
This overview has highlighted the
most general and impending challenges
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which Frontiers in Volcanology intends
to address with any type of contribu-
tion, method and scale of investigation,
on Earth and any extraterrestrial body.
The list presented here may appear
subjective and may result too much
broad or, conversely, even incomplete,
so that some challenges may be removed
and/or other challenges may deserve
to be included. While the interests of
Frontiers in Volcanology are definitely
not restricted to or limited by the pre-
sented challenges, it is important to note
that these involve very general processes
engaging all the disciplines of modern
volcanology and, as such, may be of
interest for the broadest volcanological
community.
These challenges should not be con-
sidered as separate entities. Rather, they
should be merged in a holistic vision of
volcanology, where any progress in a sec-
tor impacts other sectors. This important
concept is emphasized in Figure 6A, show-
ing a space image of Etna erupting in
2002. More than a splendid image of an
eruption, this picture allows us to link our
understanding of the shallow plumbing
system of the volcano to the environmen-
tal impact of an eruption. As visible on
the figure, three groups of vents are active.
Both the summit craters and the NE Rift
erupt residual degassed magma from the
open summit conduit (the NE Rift is fed
by the summit conduit through a laterally
propagating dike); conversely, the vent on
the South Rift is fed by an independent
vertically propagating dike, filled with new
and more primitive undegassed magma
(Figure 6B; Andronico et al., 2005). These
structural, volcanological and petrologi-
cal differences are reflected in the erup-
tive styles shown in Figure 6A; while the
plumes from the summit craters and NE
Rift show vapor emission with low explo-
sivity, the higher and darker ash plume
from the South Rift shows a much higher
explosivity. This example underlines the
importance of connecting the different
aspects of the volcano factory, to provide
independent and complimentary informa-
tion to solve the larger puzzle. Indeed, the
ultimate challenge a scientist should face is
to capture the bigger picture from his/her
studies, delivering robust and useful data,
as well as general models of wide applica-
bility, to the community. And this is also
the ultimate commitment for Frontiers in
Volcanology.
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